Abstract-Indoor power line communication (PLC) systems experience high attenuation and frequency-selective channel condition, in addition to different types of colored noises. Its performance is heavily influenced by the length and topology of the in-house power cable wiring. By exploiting the broadcast property of the indoor power grid to each outlet, this paper presents a simple but practical relay-based cooperative communication scheme for indoor PLC networks. By plugging a relay device into a third outlet between the transmitter and receiver, reliable signal-to-noise ratio (SNR) can be cooperatively achieved by setting proper system parameters. The condition for the optimal location of the plug-in relay device has been identified. Numerical simulation results show that with the cost of extra relay device, more reliable performance can be obtained with respect to the conventional direct transmission scheme.
INTRODUCTION
With the worldwide existing power grid infrastructure, power line communication (PLC) technology has received a renewed attention in the last decades. At the same time, applications based on this technology attract a lot of commercial interests, such as Smart Grid, automatic meter reading (AMR), advanced metering infrastructure (AMI), etc. For the indoor environment, in addition to electricity delivery, power grids are also often used as medium to support local area networks (LAN). However, this type of indoor PLC channel has demonstrated a hostile characteristics for broadband communications [1] , which mainly consist of four aspects: (1) high attenuation in high-frequency (HF) band; (2) frequencyselective fading in all available band; (3) time-varying property with different time scales; (4) considerable non-white Gaussian noises.
A lot of efforts have been made in order to apply advanced technologies, which were originally developed for wireless environment, into PLC channels. Some of them, like Windowed OFDM and Turbo Coding, have been included in the current IEEE1905 standard for indoor PLC networking [2] . Research on introducing diversity into PLC has also being undertaken. Considering that indoor power grid cables usually consist of three conductors, namely Line, Neutral, and Protective Ground cables, every two of them can be seen as an independent port i.e. sub-channel, so that a low diversity order multiple-input-multiple-output (MIMO) system can be realized if all three conductors are used at the same time [3] .
On the other hand, with a single pair of transmission wires, the idea of cooperative communication can be adapted into the indoor PLC environment, usually by plugging relay devices into the outlets located between the transceivers. Due to the broadcasting nature of the power cables, these relay devices may receive and forward the source message to the destination. In [4] , the optimal time-slot duration allocation between the direct transmission phase and the relay phase has been investigated. Under the assumption that each network node is a potential relay node, [5] proposed a multi-hop transmission scheme combined with the application of distributed spacetime block coded (DSTBC) in PLC networks.
Different to the approach in [5] , by considering both the direct and multi-hop relay transmission effect, in this work we propose a simple but practical relay-assisted transmission strategy for indoor PLC environment. Our main contributions are as follows. Firstly the performance improvement of the cooperative amplify-and-forward (CAF) scheme has been investigated with respect to the conventional direct transmission (DT) system. In addition, to the best knowledge of the authors, this is the first time that the general condition for the optimal location of the plug-in relay device has been identified.
The rest of this paper is organized as follows. Section II describes the indoor PLC wiring topology and its corresponding channel and noise model. Following this, the CAF system has been analyzed in Section III. Based on maximizing the effective signal-to-noise ratio, the condition of the optimal location of the relay node has been given. Section IV presents simulation results under a typical configuration of indoor PLC channel environment. The performance of CAF scheme has been examined and compared with respect to the DT system. Finally, Section V concludes the paper. Fig. 1 shows a typical arrangement of the power grid in a house, which allows us to understand how relay scheme can be practically applied. Under this arrangement, every pair of outlets/sockets can be employed as a point-to-point communication system, and its corresponding channel is characterized by the wiring topology and load impedances between the transceivers.
II. SYSTEM MODEL

A. Indoor PLC network topology
For example, here we choose message source (S) and destination (D) outlets respectively. We refer to the shortest link between the transceivers as main path and its length as main length; other wirings are as treated as tap-brunches attached to the main path, which contribute to the multi-path distortion effect of the channel. Any outlet located on this main path (e.g. 1 R ) or on a brunch of this main path (e.g. 2 R ) can be deployed with a plug-in relay device, which we will refer to as the relay node. Let us also denote the channel between x and y as xy H and its transfer function as
. From a relay node's point of view, the whole direct channel has been separated into two parts, i.e. the source-to-relay channel and the relay-todestination channel. Then it is obvious that
This relation has been illustrated in Fig. 2 
Note we used the first mean value theorem for integration in the derivation of (4 
Let us denote (4) and (5), it is obvious that 
B. Channel modelling
It is not only the power grid deployment practice varies in different parts of the world, but also in a particular network, the selection of the outlets to deploy the transceivers has a strong influence on the final channel response characteristics [1] . These factors make a generally accepted channel model still not available. As an alternative, some statistical models have been proposed based on extensive measurement campaigns. An excellent one among them was suggested in [6] .
Applying the channel generator in [7] , randomly generated channels can be used as source-to-destination, source-to-relay and relay-to-destination channels respectively in our system. Examples of these channels are shown in Fig. 3 by their frequency responses.
As observed in Fig. 3 , deep frequency-selective distortion usually appears in PLC channel. This may cause low reliability in some frequency bands due to their very high attenuation and sharply changing slopes. In addition, the authors of [8] reported that PLC channel can be viewed as a linear periodical time varying (LPTV) system. However, considering its relative long coherent time, i.e. about 600 s, we can reasonably treat it as quasi-stationary channel in this work.
C. Noise modelling
The noise in PLC has been studied in [9] and [10] . In general they can be classified into two classes: general coloured background noise (GBN) and impulsive noise. The GBN is the sum of several low power noise sources and narrowband interference which are introduced by medium and short wave broadcasts. The GBN often has a stable PSD over seconds, minutes and even hours. In [10] , it is reported that this PSD is not white, but in any narrow band the noise's probability distribution function (PDF) can be readily approximated as Gaussian. On the other hand, the impulse
noise may change rapidly within microseconds and milliseconds.
In this paper, we only consider the impact of the GBN. Based on extensive measurements, a synthesis process which passes the white Gaussian noise (WGN) through a coloured filter is used to approximate the general background noise [11] . An example of this noise is given by its PSD in Fig. 4 .
III. OPTIMAL RELAY LOCATION
We assume that the time division duplexing (TDD) mode is used in our scheme, and coherent signal combination is used at the receiver. We also assume that the channel state information (CSI) is known at both the relay and destination nodes. As the PLC system can cause interference to other radio receivers in the shortwave range, in order not to cause more electromagnetic interference (EMI) to the environment, the total power consumption of relay and transmitter in our schemes is assumed to be equal to the transmission power of the DT system. Based on above system configurations, let us consider the scenario where a relay node (e.g. 1 R ), working in amplify-andforward mode, assists the data transmission from the source to destination nodes. This has been illustrated in Fig. 5 . 
The signal-to-noise ratio (SNR) at the destination is 
As the power of signal ) ( 
Finally, the receiver combines the signals in (5) and (7) with the maximum ratio combing (MRC) technique, so that the effectively cooperative-signal-to-noise ratio (CSNR) can be expressed as
Generally, the noise PSD depends on the outlet location of the power grid, e.g., an outlet near a noise-generating appliance has a higher PSD than the one which is located further. For simplicity we assume that the noise on every point of the PLC channel has the same power, i.e. (11), we can see that the higher relay power r P used, the better performance improvement will be achieved. However, this trend will not last all the time, but converge to its limitation. This has been shown in (12) 
In practice, we often notice that there is more than one outlet available between the transceivers. To benefit as much as possible from the relay power, we need to decide which outlet we should choose to deploy the relay device. For given n P , s P and r P , this problem boils down to solve the following optimisation problem. 
Thus we find (14) is the condition for the optimal location of the relay node. It indicates that theoretically to get the most benefit from the relay node, one should deploy the relay device at the outlet where the ratio of attenuations of the relay-todestination channel and source-to-relay channel is equal to the ratio of the source and relay power. However, in a realistic indoor power line grid it is not always possible to find an outlet which satisfies the above condition. But, this gives us suggestion about the best-effort choice. We will examine more details about this in Section IV. Note that in the DT case, SNR does not change as there is no relay node introduced. In addition to illustrating the fact of (14), it also shows us that for a given r P , as the s P increasing the SNR improvement from CAF becomes less significant.
Let us consider a special case. When a relay-assisted PLC system is used on the outdoor long distance middle voltage (MV) power lines, it is custom to use the relay device to recover the power of attenuated communication signal, i.e. set s r P P = . As there is no tap-branches existing on MV power cable, the best location choice for relay device to deploy is at the middle point of the MV cable (so that makes
). This case has been studied in [12] . Obviously (14) generalizes the result to fading PLC channel scenario.
IV. SIMULATION AND NUMERICAL RESULTS
In this section, we investigate the performance of the CAF scheme with respect to the DT system. To make our simulation close to the realistic situation, we refer to the HomePlug AV specification [13] and set system parameters as in Table I . 
A. Direct Transmission
To give us a benchmark for comparison of our scheme, we would like to observe the bit-error-rate (BER) performance of the conventional DT system. With a randomly generated source-to-destination PLC channel, we compare the performance of the DT system with the ideal additive white Gaussian noise (AWGN) channel. The result is shown in Fig.  8 .
It can be seen that due to the attenuation of the PLC channel, the BER is much higher than the AWGN channel. In addition, the different curve slopes indicate that the noise on PLC channel is not white.
B. CAF Relay Scheme
By setting r P to different values, we observe a group of BER versus s P curves as shown in Fig. 9 . It indicates that the CAF scheme has a better BER than the DT system. As s P is increased to a high level, which means a good SNR is available on the direct path, the relay's contribution become less obvious. This observation corresponds to the conclusion drawn from Fig. 7 in Section III.
As shown in Fig. 10 , by setting s P to different values, a group of BER versus r P curves can be observed. We can see that for a given s P , the higher relay power r P used, the better performance improvement will be achieved until this trend converges to its limitation. This observation is corresponding to the conclusion drawn in (12) .
C. A practical example of relay location choice
To illustrate the optimal relay node location choosing method, let us consider a practical example as shown in Fig.  11 . Between the source and destination nodes, there are two available outlets A and B. As we know the channels' power attention between S, A, B and D, we can use (14) as a criterion to decide which outlet we should choose to deploy the relay device for a better performance improvement. Here, by assuming the source power and relay power are equal (i.e. 
By comparing (15) and (16), we find that the value of (15) is more close to 0 dB. This means choosing outlet A can make the situation more close to the best condition. In other words, outlet A is the best-effort choice here. This has been verified by simulion result as shown in Fig. 12 . V. CONCLUSION In this paper, we introduced a simple but practical relaybased cooperative scheme for indoor PLC networks. We present the performance improvement with respect to the conventional direct transmission system. In addition, the condition for the optimal location of the relay node has been derived. As our example shows, this condition can be used as a criterion to guide the practical technician to choose the besteffort location to deploy the relay device for an indoor PLC system.
